We examined amino acid requirements for the growth of the halotolerant Brevibacterium sp. JCM 6894 in the absence and presence of 1.2 M NaCl in a chemically defined medium. The experiment was also carried out in the presence of 1.2 M KCl. As a result, growth was highly enhanced by methionine in the absence and presence of KCl as well as NaCl up to 1.2 M. However, growth in the presence of 150 mM methionine was repressed by leucine up to 100 mM and valine up to 100 mM . Concentration-dependent growth inhibition was observed in the presence of isoleucine up to 150 mM and threonine up to 300 mM . When the cells were incubated in the absence of externally added K + , growth was strongly repressed, even in the presence of 150 mM methionine. The growth, however, recovered drastically by the addition of 1 mM KCl, regardless of the presence and absence of 1.2 M NaCl. These results indicate that methionine, which seems to be symported into cytoplasm with K + , plays an important role in the growth of the strain under salt stress.
In general, microbial growth under salt stress is closely related to the accumulation of organic solutes, such as glycine betaine, proline, ectoine, trehalose, etc., in the cytoplasm to cope with osmotic stress Csonka and Epstein, 1996 . Except for the organic solutes, K + acts as an osmoprotectant. In the non-halophilic Escherichia coli K-12, K + is transported by the membrane-bound Kdp ATPase to regulate cellular o s m o l a r i t y C s o n k a a n d E p s t e i n , 1 9 9 6 . F o r Halobacteriales, the aerobic and extremely halophilic archaea, and Haloanaerobiales, the anaerobic halophilic bacteria, the main osmoprotectant is K + , the internal concentration of which nearly equals the external NaCl concentration Oren, 1999 . Microbial transporters should be active when the cells are grown under salt stress. For example, ProP, which transports proline, glycine betaine, and ectoine into the cytoplasm of an Escherichia coli K-12 derivative cell, was not inactivated in the presence of 0.7 M NaCl Note was imposed on the cells by the addition of NaCl or KCl up to 1.2 M. Sterilization of the medium was carried out with a membrane filter pore size 0.22 m under a vacuum.
Preincubation was carried out for 24 h at 30 in the complex medium Nagata, 1988 . A cell suspension 50 l was added to the chemically defined medium 50 ml and grown aerobically at 30 . Turbidity was measured at a given time with a spectrophotometer DU 640, Beckman, Calif., USA at 650 nm. The requirement of certain amino acids for the growth of the strain was examined in the chemically defined medium in the presence of 1.2 M KCl as well as 1.2 M NaCl Table 1 . Results showed that the growth of the strain was obviously enhanced in the presence of methionine. Turbidity reached 0.93 after 88 h incubation. In the presence of valine or leucine 100 mM , turbidity was more than 0.5 after 160 h incubation. The value was less than 0.25 by the addition of tyrosine 1 mM , tryptophan 50 mM , aspartate, glutamate, arginine, and histidine, even after 160 h incubation.
Growth was enhanced by methionine in the presence of 1.2 M KCl as well as NaCl. The value reached more than 0.8 after 160 h incubation. Turbidity was repressed to less than 0.2 when another amino acid was added in the medium.
The growth curve of Brevibacterium sp. JCM 6894 is Hamaide et al., 1984 . Intact cells of halotolerant and alkali-tolerant Brevibacterium linens CNRZ 918 have shown the efficient transport of methionine in the presence of Na + Ferchichi et al., 1987 . Larsen 1986 proposed the classification of microorganisms into two groups, halophilic and halotolerant, according to salt stress response. Brevibacterium sp. JCM 6894 is classified in the halotolerant group because the strain could grow in the absence and presence of 2 M NaCl or 2 M KCl in a complex medium Nagata, 1988; Nagata et al., 1991; Mimura and Nagata, 2000 . In this study, we screened an amino acid required for the growth of the strain in a chemically defined medium under salt stress.
The chemically defined medium used in this study contained inorganic salts 0.1 g CaCl 2 ·2H 2 O, 0. here. Experimental error was less than 15% for the averaged value. b Concentration of each amino acid externally added was 150 mM, except for leucine, tryptophan, and tyrosine. The concentation depends on its solubility in the medium.
Other amino acids such as alanine, glycine, isoleucine, serine, threonine, asparagine, glutamine, phenylalanie, cysteine, and proline solely added to the medium did not enhance the growth, regardless of the absence and presence of 1.2 M NaCl or KCl. c Monosodium salt d Monohydrochloride e Medium pH was re-adjusted to 7.5 by NaOH.
LIV-III and -IV transporters were resistant toward osmotic pressure, while the LIV-I and -II transporters showed osmotic pressure sensitivity. The activity of the LIV-III transporter was not affected by threonine or leucine. The activity of the LIV-IV transporter was repressed by leucine and partially inhibited by threonine Yamato and Anraku, 1980 . As for the halotolerant Brevibacterium sp. JCM 6894, growth was repressed by leucine and inhibited by threonine see Fig. 2D . The methionine transporter of the strain might have properties similar to the LIV-IV transporter found in E. coli cells.
The importance of K + was examined for the growth of Brevibacterium sp. JCM 6894 in the chemically defined medium when 150 mM methionine was added Fig. 3 . s h o w n i n F i g . 1 a s a f u n c t i o n o f m e t h i o n i n e concentrations in the medium. Cell growth was enhanced with an increase in the concentrations of methionine externally added to the medium up to 150 mM, and turbidity after 100 h incubation increased from 0.21 at 5 mM to 0.95 at 150 mM. These results suggest that more than 100 mM methionine seems to be enough for cells to grow well in the medium.
Methionine was specifically required for the growth of the strain, regardless of the presence or absence of salt stress Table 1 and Fig. 1 , indicating that the transporter s for methionine is are constitutively expressed, rather than induced, and not inactivated by salt stress.
Growth inhibition of the strain was examined in the presence of another amino acid that coexists with methionine 150 mM . Turbidity was repressed to 0.69 from 0.95 in the presence of 1 mM leucine Fig. 2A . Further repression of the growth was not observed by increasing leucine concentrations up to 100 mM. Growth was also repressed in the presence of more than 5 mM valine Fig. 2B . The concentrationdependent inhibition of growth was observed in the presence of 100 mM to 150 mM isoleucine Fig. 2C and more than 100 mM threonine Fig. 2D . The growth was obviously inhibited and showed 0.1 turbidity by the addition of 300 mM threonine after 100 h incubation together with 150 mM methionine.
In E. coli, hydrophobic, branched-chain amino acids, such as leucine, isoleucine, and valine, were transported by the LIV systems Rahmanian et al., 1973; Wood, 1975; Yamato et al., 1979 . The membrane-bound
FIG. 2.
Growth of Brevibacterium sp. JCM 6894 in the presence of various concentrations of an amino acid together with methionine externally added to the chemically defined medium.
Growth was examined in the presence of 150 mM methionine and various concentrations of an amino acid, such as leucine A , valine B , isoleucine C , or threonine D . Leucine was externally added to the chemically defined medium at 1 mM circles , 20 mM triangles , and 100 mM squares ; valine at 1 mM circles , 5 mM triangles , 20 mM squares , and 100 mM diamonds ; isoleucine at 20 mM circles , 100 mM triangles , and 150 mM squares ; and threonine at 50 mM circles , 100 mM triangles , 150 mM squares , and 300 mM diamonds . The growth curve obtained in the presence of 150 mM methionine alone is shown as a control dotted line . Experiments were carried out three times independently, and the averaged value is shown here. Experimental error was less than 15% for the averaged value.
FIG. 1.
Growth of Brevibacterium sp. JCM 6894 in the chemically defined medium containing various concentrations of methionine.
The strain was incubated in the absence (crosses) and presence of methionine at 5 mM (circles), 50 mM (triangles), 100 mM (squares), and 150 mM (diamonds).
Experiments were carried out three times independently, and the averaged value is shown here. Experimental error was less than 15% for the averaged value. amino acid analog into the cytoplasm. The growth of Brevibacterium sp. JCM 6894 was repressed when the cells were grown in the absence of externally added K + Fig. 3 , but recovered by the addition of 1 mM KCl Fig. 4A . The same was true in NaCl stress Fig. 4B . A potassium-specific methionine transport system might exist in the membrane of the strain.
In the absence of K + , turbidity was repressed to 0.37 after 148 h incubation. While Na + was absent in the chemically defined medium, turbidity reached 0.95 after 148 h incubation. These results indicate that K + , rather than Na + , plays an important role in transporting methionine into the cytoplasm for the strain. In B. linens CNRZ 918, the transport of methionine was stimulated specifically by Na + . In addition, Li + and K + to a lesser extent also stimulated the transport Ferchichi et al., 1987 . The importance of K + described here is the first report on the transport of amino acids in halotolerant bacteria.
Growth was recovered by the addition of at least 1 mM KCl to the medium containing 150 mM methionine Fig. 4A . After 160 h incubation, turbidity reached nearly 0.94. In order to recover the growth in the medium containing 1.2 M NaCl, 1 mM KCl was sufficient Fig. 4B . These results support the importance of K + for the growth of the strain in a wide range of salt stress.
For halophilic microorganisms, Na + is utilized for the uptake of nutrients. Unemoto et al. 1993 reported t h a t m o d e r a t e l y h a l o p h i l i c , G r a m -n e g a t i v e microorganisms specifically required Na + for the uptake of -aminoisobutyric acid but halophilic, Gram-positive Marinococcus species did not. The Gram-positive strains could utilize K + as well as Na + to transport the   FIG. 3 . Importance of K + for the growth of Brevibacterium sp. JCM 6894 in the presence of methionine in the chemically defined medium.
In order to minimize K + contamination in the chemically defined medium, a Na-Pi buffer, pH 7.5, was used closed circles . To minimize the contamination of Na + externally existing in the chemically defined medium, 100 mM sodium succinate was replaced by potassium succinate open circles . Methionine 150 mM was present in the medium throughout the experiment.
Experiments were carried out three times independently, and the averaged value is shown here. Experimental error was less than 15% for the averaged value.
FIG. 4.
Recovery of the growth of Brevibacterium sp. JCM 6894 by the addition of KCl to the chemically defined medium.
In order to minimize the concentration of K + in the chemically defined medium, a K-Pi buffer 50 mM , pH 7.5, was replaced with a Na-Pi buffer 50 mM , pH 7.5. The strain was grown in the presence of 150 mM methionine A or 150 mM methionine and 1.2 M NaCl B . The KCl concentrations externally added were 0 crosses , 1 mM circles , 10 mM triangles , and 50 mM squares .
